Measurements of the Galactic synchrotron emission is relevant for the 21-cm studies from the Epoch of Reionization. The study of the synchrotron emission is also useful to quantify the fluctuations in the magnetic field and the cosmic ray electron density of the turbulent interstellar medium (ISM) of our Galaxy. Here, we present the all-sky angular power spectrum (C ) measurements of the diffuse synchrotron emission using the TIFR GMRT Sky Survey (TGSS) at 150 MHz. We estimate C using visibility data both before and after subtracting the modelled point sources. The amplitude of the measured C falls significantly after subtracting the point sources, and it is also slightly higher in the Galactic plane for the residual data. The residual C is most likely to be dominated by the Galactic synchrotron emission. The amplitude of the residual C falls significantly away from the Galactic plane. We find the measurements are quite symmetric in the Northern and Southern hemispheres except in the latitude range 15 − 30 • which is the transition region from the disk dominated to diffuse halo dominated region. The comparison between this interferometric measurement with the scaled version of the Haslam rms map at 150 MHz shows that the correlation coefficient (r) is more than 0.5 for most of the latitude ranges considered here. This signifies the TGSS survey is quite sensitive to the diffuse Galactic synchrotron radiation.
INTRODUCTION
The redshifted 21-cm signal from neutral hydrogen (HI) has been perceived to be one of the most promising probes of the epoch of reionization (EoR) (see Furlanetto et al. 2006; Morales & Wyithe 2010; Pritchard & Loeb 2012; Mellema et al. 2013 for reviews). The hydrogen in the universe changes its phases from the neutral to the ionized state in this epoch, Email:s.choudhuri@qmul.ac.uk and many issues like the exact time and duration of reionization, and the sources responsible for this process are still unresolved. Several ongoing and future radio telescopes such as the Low Frequency Array (LOFAR 1 , var Haarlem et al. 2013) , the Murchison Wide-field Array (MWA 2 Bowman et al. 2013) , the Square Kilometer Array (SKA1 LOW 3 , Koopmans et al. 2015) and the Hydrogen Epoch of Reionization Array (HERA 4 , DeBoer et al. 2017) including existing the Giant Metrewave Radio Telescope (GMRT 5 ; Swarup et al. 1991; Paciga et al. 2013 ) are seeking to measure the 21-cm signal from the EoR.
The presence of strong astrophysical foregrounds that are 4-5 orders of magnitude brighter than the expected 21cm signal (Shaver et al. 1999; Di Matteo et al. 2002; Santos et al. 2005; Ali, Bharadwaj & Chengalur 2008; Paciga et al. 2011; Ghosh et al. 2011 ) poses a big challenge for the detection of the EoR 21-cm signal. The major foreground components include the extra-galactic radio point sources, the diffuse Galactic synchrotron emission (DGSE), and Galactic and extra-galactic free-free emission. The extra-galactic point sources are the most dominant foreground components at that angular scales which are relevant for telescopes like LOFAR and SKA (Ali, Bharadwaj & Chengalur 2008; Ghosh et al. 2012) . The DGSE dominates at large angular scale > 10 arcmin after point sources are subtracted at ∼10-20 mJy level (Bernardi et al. 2009; Ghosh et al. 2012; Iacobelli et al. 2013; Choudhuri et al. 2017a ).
The DGSE is produced by the cosmic ray electrons spiralling in the Galactic magnetic field lines (Ginzburg & Syrovatskii 1969; Rybicki & Lightman 1979) . A precise characterization and a detailed understanding of the DGSE are needed to remove foregrounds in 21-cm experiments reliably. Also, the angular fluctuations of the DGSE are directly related to the fluctuations in the magnetic field and the fluctuations in the cosmic ray electron density of the turbulent interstellar medium (ISM) of our Galaxy (Cho & Lazarian 2008; Waelkens et al. 2009; Regis 2011; Lazarian & Pogosyan 2012; Iacobelli et al. 2013 ), a subject that is not very well understood at present. Lazarian & Pogosyan (2012) have shown avenues for quantitative studies of magnetic turbulence in our Galaxy and beyond using observations of the synchrotron emission, and it also outlined the directions of how synchrotron foreground emission can be separated from the cosmological signal, i.e., from cosmic microwave background or highly redshifted HI 21-cm emission.
Several observations spanning a wide range of frequencies have characterized different aspects of the DGSE (Haslam et al. 1981 (Haslam et al. , 1982 Reich 1982; Reich & Reich 1988; Jonas et al. 1998; Ellingson et al. 2013) . Guzmán et al. (2011) have produced an all-sky spectral index map of the DGSE between 45 and 408 MHz using their own all-sky map at 45 MHz, the 45 MHz southern and northern sky maps (Alvarez et al. 1997; Maeda et al. 1999) and the 408 MHz all-sky map (Haslam et al. 1981 (Haslam et al. , 1982 . The Global Sky Model (hereafter, GSM) for the diffuse Galactic emission temperature map has been developed in the frequency range 10 MHz to 94 GHz based on 11 most accurate data sets using principal component analysis (de Oliveira-Costa et al. 2008) . Zheng et al. (2017) have produced an improved GSM of the diffuse Galactic radio emission from 10 MHz to 5 THz which includes 29 sky maps. These type of models are highly useful to understand the Galactic foreground contributions in wide-band CMB and cosmological 21 cm HI observations.
The statistical properties of the DGSE can be quantified in terms of the angular power spectrum C . Various authors have used the above mentioned all-sky observations 5 http://www.gmrt.ncra.tifr.res.in to estimate the statistical properties of the DGSE for a wide range of frequencies (Tegmark & Efstathiou 1996; Bouchet & Gispert 1999; Giardino et al. 2001 Giardino et al. , 2002 Bennett et al. 2003) . The C of the DGSE intensity fluctuations spanning over large portions of the sky can be modelled by a power law i.e. C ∝ −β (Tegmark et al. 2000; Baccigalupi et al. 2001) . La Porta et al. (2008) have analysed the 408-MHz Haslam map (Haslam et al. 1981 (Haslam et al. , 1982 and the 1420-MHz survey data (Reich 1982; Reich & Reich 1986; Reich et al. 2001) separately to measure the C of the DGSE and found β values in the range 2.6 -3.0 down to the angular multipoles of = 200 and 300 at 408 and 1420 MHz respectively. These studies show that β steepens (or increases) towards higher Galactic latitude.
The properties of the angular power spectrum of the DGSE are not well quantified at the frequencies and angular scales relevant for detecting the cosmological 21-cm signal from the EoR. Parsons et al. (2010) have presented the all-sky synthesized map and estimated the C between 139 MHz and 174 MHz. It has also been measured in only a few small fields at low Galactic latitude |b| < 14 • in the frequency range 150 -160 MHz (Bernardi et al. 2009 (Bernardi et al. , 2010 Ghosh et al. 2012; Iacobelli et al. 2013; Choudhuri et al. 2017a ). Bernardi et al. (2009) and Ghosh et al. (2012) have, respectively, analysed 150 MHz WSRT and GMRT observations where they respectively found β = 2.2 ± 0.3 and β = 2.34 ± 0.28 up to = 900. Iacobelli et al. (2013) have measured the C of the DGSE at 160 MHz using LOFAR data and reported that the angular power spectrum has a slope β ≈ 1.8 down to the angular multipoles of 1300. In an earlier paper (Choudhuri et al. 2017a) , we have analysed two fields from the TIFR GMRT Sky Survey (TGSS)-ADR1 survey at 150 MHz (Intema et al. 2017) and measured the C of the DGSE across the range 240 ≤ ≤ 500 and found that the values of β are 2.8 ± 0.3 and 2.2 ± 0.4 respectively in the two fields. Recenly Chakraborty, et al. (2019) have measured the C in ELAIS-N1 field and found the β values consistent with earlier measurements. All of these results are restricted to small portion of the sky ≤ 6 • × 6 • .
The GMRT field of view has a FWHM of 3.1 •6 at 150 MHz. The TGSS (Sirothia et al. 2014 ) contains observations in 5336 pointings covering a large fraction (90%) of the total sky in the declination range δ > −55 • . Here we have used the first alternative data release (ADR1) of the TGSS that was calibrated and processed by Intema et al. (2017) . In this paper, we have applied the visibility based Tapered Gridded Estimator (TGE) (Choudhuri et al. 2016b ) to estimate C individually for all the TGSS pointings. This results in estimates of C spanning approximately the range 100 ≤ ≤ 4, 000 in 3893 different pointing directions. We have removed some pointings due to large system noise or the presence of strong RFIs. The analysis was carried out both before and after source subtraction, with the aim of the analysis being threefold. The first aim here is to directly characterize the fluctuations in the sky brightness for different pointing directions on the sky. This provides a direct estimate of the foregrounds for EoR 21-cm observations centred at different directions of the sky.
Source subtraction (Ali, Bharadwaj & Chengalur 2008; Ghosh et al. 2012; Beardsley et al. 2016; Gehlot et al. 2018; Kerrigan et al. 2018 ) offers a technique for foreground mitigation; this, however, is limited by our ability to accurately calibrate the visibility data and model the sources. The TGSS ADR1 uses a novel method to incorporate Directiondependent (DD) calibration to all the data sets. It generates a model of the ionosphere using a few strong sources present in that field and corrects the phase due to this ionospheric distortion. It helps to model the extra-galactic point sources with more accuracy. We have removed the discrete point sources above 5σ (σ is below 5mJy for a majority of the pointings). The second aim here is to investigate the foreground reduction that is actually achieved through source subtraction in different observing directions of the sky. Finally, we attempt to use the residual data after source subtraction to quantify the statistical properties of the DGSE, which is expected to be the dominant foreground contribution after source subtraction. A brief outline of the paper follows. In Section 2, we briefly describe the GMRT data and the method of analysis. In Section 3, we show our measurement of the angular power spectrum before and after point source subtraction and discuss the quantum of drop that occurs in different directions due to the efficacy of point source removal. The comparison with the single-dish observation is presented in Section 4. Finally, we summarize and conclude in Section 5. In a companion paper, we plan to show the details of the power-law fitting, the variation of the power-law index and interpretation of the C of the DGSE from residual data.
METHODOLOGY
The TGSS (Sirothia et al. 2014 ) is the first all-sky continuum survey at a low frequency which is directly relevant for EoR studies. The observing frequency for this survey is 150 MHz with a bandwidth of 16.7 MHz. Although the data were recorded with full polarization, we have used only stokes I for this work. The total survey area is divided into 5336 individual pointings on an approximate hexagonal grid and the integration time for each pointing is about 15 min. Here we summarize the methodology from data reduction to power spectrum estimation. We divide the total process into two parts: data analysis and the power spectrum estimation.
The TGSS survey data were analysed by using a fully automated pipeline Source Peeling and Atmospheric Modeling (SPAM) package (Intema et al. 2009; Intema 2014) . This pipeline consists of a pre-processing and a main-pipeline component. The pre-processing part converts the raw data into pre-calibrated visibilities for each pointing. Flagging, gain calibration, bandpass calibrations and also the correction for the system temperature variation are incorporated in this part to improve the quality of the data. Finally, the main-pipeline section converts the pre-calibrated visibility into the final calibrated data set and final stokes-I image for each pointing. Here, both the Direction-independent calibration and Direction-dependent (DD) calibration are applied to the data. The details of the analysis can be found in Intema et al. (2017) . The background RMS noise is below 5mJy for majority of the pointings with an angular resolution 25 × 25 (or 25 × 25 /cos(DEC-19 deg) for pointings south of 19 deg DEC. The discrete point sources above a 5σ threshold value have been removed in the final residual data sets. In this paper, we used both the data before and after point source subtraction to estimate the angular power spectrum. In our earlier paper (Choudhuri et al. 2017a ), we have presented results for the two fields located at the galactic coordinates of (9 • , +10 • ) and (15 • , −11 • ). The present work is an extension of our earlier work where we now analyze the entire sky region covered by the TGSS.
In this paper, we have used the Tapered Gridded Estimator (TGE) (Choudhuri et al. 2016b ) to estimate the angular power spectrum C . Here, we briefly summarize the salient features of the TGE. The TGE has three main characteristics: (a) it uses the gridded visibility data to reduce the computation. (b) it tapers the sky response from the outer region of the primary beam where it is highly frequency dependent and (c) it subtracts the noise bias to give an unbiased estimate of the true sky signal. We divide the whole "uv" plane in a rectangular grid. We have convolved the measured visibilities around each grid point with the Fourier transform of a window function which will effectively taper the sky response. The convolved visibility Vcg at every grid point g can be written as
wherew(U) is the Fourier transform of the tapering window function W(θ), Ug refers to the baseline of different grid points and Vi is the visibility measured at baseline Ui.
Here we collapse the visibility measurements in different frequency channels after scaling each baseline to the appropriate frequency. The TGE correlates the convolved visibilities at each grid point to estimate the C . As mentioned, it subtracts the self-correlation of the measured visibilities around each grid point which is responsible for the noise bias. The mathematical expression for the TGE is given by (equation 17; Choudhuri et al. 2016b) ,
where Mg is the normalizing factor which we have calculated by using simulated visibilities corresponding to an unit angular power spectrum (details in Choudhuri et al. 2016b) . Assuming that the signal is isotropic, we average the C measurements over an annular region to increase the signal to noise ratio. We use equations (19) and (25) of Choudhuri et al. (2016b) to estimate the C and its variance in bins of equal logarithmic interval in . Here, we divide the whole range in 25 equally spaced logarithmic bins. The estimator has been already validated using realistic simulations of GMRT 150 MHz observations (Choudhuri et al. 2016b ). In Choudhuri et al. (2016a) we included point sources in a large region of the sky and showed that the TGE effectively suppresses the point source contribution from outer regions of the primary beam.
RESULTS
In this section, we show the results for the angular power spectrum measurements before and after subtracting the point sources from the calibrated visibility data. We have removed all fields which are dominated by the system noise or have strong RFI. Finally, out of the 5336 TGSS fields, we present results for 3893 fields which we expect to be dominated by the sky signal. Figure 1 shows the measured C before and after point source subtraction for four representative fields with galactic co-ordinates (l , b) = (127.24, −9.25), (209.47, −9.88), (200.10, 14.09) and (287.47, 23.56) respectively. The results for all of the 3893 TGSS pointings which have been analyzed here are available online 7 . The upper curves in these figures show C with 1σ error bars before point source subtraction.
Here the values of C are in the range 10 4 − 10 5 mK 2 and the nature of these curves are more or less flat. The sky signal here is predicted (Ali, Bharadwaj & Chengalur 2008) to be dominated by the Poisson fluctuations of the point source distribution, and the nearly flat C is roughly consistent with this prediction. At low , the measured C is affected by the convolution with the tapering window function and the antenna's primary beam pattern. As shown in Figure 2 of Choudhuri et al. (2017a) , this convolution becomes important at < 240. Also, the clustering of the point sources starts to become important at the lower values.
Point sources with flux above a threshold flux Scut were subtracted from the data. Here Scut = 5 σ where σ is the rms. noise which varies from pointing to pointing and σ is below 5 mJy for the majority of the pointings (Intema et al. 2017 ). The lower curves in Figure 1 show the measured C with 1σ error bars after subtracting the point sources from the data. We see that the values of C at large fall substantially after the point sources are removed. The C of the residual data shows a nearly flat nature with values ∼ 10 3 mK 2 at > 700. We believe that this is predominantly the contribution from the Poisson fluctuations of the residual point sources which have fluxes S < Scut. The fact that C at large drops by nearly a factor of 100 after the point sources are subtracted is a clear indication that the original data is point source dominated. In Figure 1 , the magenta line shows the total C prediction due to the clustering and Poisson part of the residual point sources below a threshold flux density of 50 mJy. For this model prediction, we have used source count estimated from Intema et al. (2017) and the angular correlation function (in the range of 0.1 • to 1 • ) derived from Dolfi et al. (2019) . We notice at higher , the model C is also dominated by the Poisson fluctuations of residual point sources and the value is an order of magnitude lower than the measured one. We have seen a similar behaviour in our earlier TGGS angular power spectrum analysis (Choudhuri et al. 2017a ). It may be due to that (1.) there are significant residual imaging artefacts around the bright source (S > Scut) which were subtracted, and/or (2.) the actual source distribution is in excess of the predictions by TGSS survey at lower flux range. Similar findings have been recently reported at a higher frequency of the 1.28 GHz MeerKAT DEEP2 Image where Mauch et al. (2020) found that the model prediction lies significantly below the observed source counts at low flux range. At lower range, we find that the values of the measured C after point source subtraction decrease with increasing and shows a power-law like behaviour (at 7 http://www.physics.iisc.ernet.in/~nroy/plot_html < 700). The predicted C due to the clustering point sources at lower values also follows a power law at this range, but the amplitude is, in general, much lower than the residual C (Figure 1) . We expect the C measured here to be dominated by the diffuse Galactic synchrotron emission. The TGSS observations can probe the angular scales in the range 0.045 • to 1.2 • , however due to convolution of the primary beam and the residual point sources, we are limited in the range 0.3 • to 0.8 • for the DGSE measurements. As discussed in several previous studies (Bernardi et al. 2009; Ghosh et al. 2012; Iacobelli et al. 2013; Choudhuri et al. 2017a) , it is possible to fit C with a power-law A×(1000/ ) β in this range. We present the results for the power-law fitting in Figure 1 for the four representative fields. The black solid line in each panel shows the best fit power law in the range ( min, max). Here we use min = 240 because convolution becomes important at lower range and max = 600, 500, 400 and 450 for Field 1 to 4 respectively. For > max the residual point sources and other systematic errors dominate and hence we exclude this range in our fitting. The best-fitted values of the parameters are (A, β) = (150 ± 56, 3.2 ± 0.3), (90 ± 50, 2.1 ± 0.4), (53 ± 20, 3 ± 0.3) and (403 ± 106, 1.3 ± 0.2) for Field 1 to 4 respectively. The power law fitting we have done over a narrow range, however, that is what we can realistically do with the current data. So, power law power spectrum for the DGSE is an ansatz here, and the power law index (β) under that assumption is consistent with earlier reported results (Choudhuri et al. 2017a ) except for Filed4. The modelling of these four fields are in addition to the two other TGSS fields reported in our earlier paper (Choudhuri et al. 2017a ). The details of the power-law fitting, the variation of the power-law index across different directions in the sky and the interpretation of the residual C 's will be presented in a companion paper. For the present purpose, it suffices to note that for the residual data the DGSE dominates the measured C at low (< 700) whereas the residual point sources dominate at large .
We next consider the rms fluctuations of the brightness temperature δT b = ( + 1)C /2π at different values each of which corresponds to a different angular scales. Figure 2 shows how δT b varies across different pointing directions in the sky. Here, we take the mean δT b for all the TGSS pointings which fall into a particular HEALPix 8 (Górski, et al. 2005) pixel. The upper and lower panels correspond to = 285 (∼ 0.63 • ) and 384 (∼ 0.47 • ) respectively, whereas the left and right panels respectively correspond to before and after point source subtraction. For both the multipoles shown here, we expect the signal to be dominated by the DGSE after point source subtraction. The grey circular regions in the lower right part of these images have no data points as they correspond to the declination range (Dec < −53 • ) which is not covered by the TGSS. We also note a few grey pixels distributed throughout the images were discarded as these correspond to pointings which have not been included in our analysis either due to large system noise or RFIs. In the left panels of Figure 2 , we notice that the distribution of δT b is almost isotropic with values in the range of a few hundred Kelvin. The δT b here is mainly due to the Poisson fluctuations of the extra-galactic point sources.
The sources, being cosmological in origin, are expected to have an isotropic distribution on the sky. In contrast, considering the right panels which show the values of δT b for the residual data where all the discrete point sources have been removed we see that the δT b values are somewhat larger near the Galactic plane and they fall off away from the Galactic plane. The values of δT b vary in the range of a few tens of Kelvin. We believe that the residual C is most likely to be dominated by the Galactic synchrotron emission. However, in the Galactic plane, there will also be an additional contribution from the residual thermal emission from HII regions, and also the residual non-thermal emission from supernova remnants.
The measured C for the DGSE falls as a power law (C ∝ −β ) (Bernardi et al. 2009; Ghosh et al. 2012 ). In our ealier study with TGSS, we observed the same power law nature of the C as a function of (Choudhuri et al. 2017a ). In Choudhuri et al. (2017a), we have also found that the amplitude of the residual C becomes almost constant at > max(∼ 550). We believe this angular multipole range ( > max) is mainly dominated by the the Poisson fluctuations of the residual point sources with flux values below Scut. In the four panels of Figure 1 , the nature of the all residual C (green dotted curves) are almost similar as in Choudhuri et al. (2017a) . We can use the residual C at large to set an upper limit of the DGSE at smaller angular scales. In Figure 3 , we show the variation of δT b at = 3459 (∼ 3 ) after subtracting the point sources. We find the residual map is almost isotropic at = 3459 and the derived brightness temperature varies in the range 10 − 100 K. In comparison, the right panels of Figure 2 shows the values δT b which are somewhat larger at Galactic plane. This is due to the DGSE which dominates at those values ( = 285 and 383) shown in that figure. Also, there are few bright pixels in Figure 3 which might be due to the deconvolution error associated with bright A-team sources in the sky (> 300 Jy) (such as Cas A (l = 111.734, b = −02.129), Cygnus A (l = 76.1898, b = +05.755), Hydra A (l = 242.925, b = +25.092) etc. (Intema et al. 2017) ). As mentioned earlier, the residual contribution from the HII regions and supernova remnants may also contribute in the Galactic plane.
We assume that the measured C 's at a particular galactic latitude range are an independent realization of an underlying statistical distribution. Here, we quantify the statistical distribution of C through the histogram of the C values. In Figure 4 , we plot the histogram of the measured C at different Galactic latitude range. We considered only = 384, which is mostly dominated by the DGSE. Here, we showed the results for four different latitude range 0 − 5 • , 15 − 30 • , 30 − 45 • and 45 − 90 • across the north and south Galactic plane. The median values of the C for each galactic latitude range are shown by the black vertical lines in each panel. We find that the histogram is mostly peaked around the median values, and we do not find the signature of "long-tailed" distribution across all the latitude values. We observed that the distributions of the C 's are almost similar for all the latitude ranges except at 0−5 • S/N . Here, we find the distribution is slightly bi-modal. This may be an artefact of the complex extended sources present in the Galactic plane which were not properly removed from the data. We found the median values are around ∼ 7.5 × 10 3 mK 2 in the Galactic plane (b = 0 − 5 • ) and it falls to ∼ 3 × 10 3 mK 2 as we move beyond the Galactic plane (b = 15 − 30 • ). For latitude range b > 30 • , the DGSE becomes much weaker as compared to that on the Galactic plane, and the corresponding median C values are mostly similar across a wide range of latitudes. As noted earlier, here we are mostly dominated by residual point sources and measured C 's corresponds to an upper limit of DGSE. Subsequently, we investigate how the median C changes with for different Galactic latitude ranges in north and south hemisphere.
To quantify the possible signature of North and South asymmetry, we considered the measurements of the C in the Northern and Southern hemisphere. We divide the whole latitude range into different parts and compare the median of the C values. The left and right panels of Figure 5 show the variation of the median C as a function of for different latitude ranges. The blue solid line and the red dashed lines in the left panel show the median C for galactic latitude range 0 − 5 • for northern and southern hemispheres respectively. We find that the median values are almost symmetric for both hemispheres. The results are also very similar for other latitude ranges (30 − 45 • and 45 − 90 • ). However, we see some asymmetry in the northern and southern hemisphere in the latitude range 15 − 30 • (right panel of Figure  5 ). The overall amplitude is slightly higher for the northern hemisphere. Moreover, this latitude range (15 − 30 • ) is the transition region from disk dominated to high latitude diffuse halo dominated region, and our result shows that in the transition region the angular power spectra values are considerably different in Northern and Southern hemispheres. This may be due to the complex structure of disk contributing asymmetrically, or variation of structures due to disk halo interaction in the two hemispheres leading to asymmetric structures in density and magnetic fields (Simard-Normandin & Kronberg 1980; Mao et al. 2012) . We also see that the median C are mostly flat beyond ≥ 1500 in different latitude bins. In the left panel, we detect a higher residual power at the Galactic plane mostly due to a combination of higher rms. noise (Figure 8 in Intema et al. 2017) and residual point sources. The flattening of the C around the same angular scales (∼ 0.12 • ) for all latitude ranges seems to suggest the relative contribution of the increase in rms noise and the DGSE is similar as we move away from the Galactic plane. We also compare the median values of the measured C in the North Polar Spur (NPS) (20 < l < 40 and 20 < b < 70) and the southern hemisphere (b < −20). We detect a factor of two increase of the median values for NPS across the entire angular scales. In Figure 6 , we see the same feature where the magnitude of the rms brightness temperature at NPS is large as compared with the southern hemisphere.
COMPARISON WITH SINGLE DISH MEASUREMENTS
In this section, we compare our δT b maps with single dish all-sky surveys. The aim is to quantify how much correlation is present between these two maps; usually the single-dish maps are more sensitive to large scale diffuse emission in the sky. Hence, the cross-correlation between the interferometric and signal dish rms. maps will inform us how sensitive the TGSS observations are towards detecting the DGSE. We use publicly available improved all-sky 408 MHz Haslam map 9 from Remazeilles et al. (2015) with an angular resolution ∼ 7 arcmin which is relevant for studying the foreground contribution in 21-cm signal from the EoR. We downgrade the all-sky map to an angular resolution of 13.7 arcmin. This is solely done for ease of computation without losing too much information for our purpose.
We scale the Haslam map to a lower frequency at 150 MHz from 408 MHz using an average spectral index of 2.695, which is typical for DGSE (Platania et al. 2003) . We note here, as the single dish measures the brightness temperature (T b ) of the sky, we calculate the rms. fluctuations of these maps within a radius of 3 • , close to the field of view of GMRT antenna element at 150 MHz. These rms. maps will then give us an equivalent representation of the interferometric observations which are sensitive to the brightness fluctuations of the temperature maps. The rms map with an angular resolution 13.7 arcmin is shown in Figure 6 . We have used this map to cross-correlate with the derived brightness temperature fluctuations from the TGSS measurements.
Next, we investigate the correlation coefficient between the TGSS and the Haslam scaled map at 150 MHz at different longitude and latitude ranges. For TGSS survey, we use the map at a multipole = 246 or equivalently θ ∼ 0.73 • . As shown in Figure 3 (Choudhuri et al. 2017a) , the residual map at = 246 is free from the convolution of the tapering window and primary beam, and likely to be dominated by the DGSE. Figure 7 shows the variation of the brightness temperature fluctuations as a function of galactic latitude for different longitude ranges. Here, we divide the longitude range with an interval of 40 • and show in differnt panels. In Figure 7 the blue dashed line presents the rms fluctuations from the Haslam map, whereas the red solid lines show the δT b with 1 − σ error bar from the TGSS survey. Note, we divide the rms. of the Haslam map by a factor of 10 so 10 3 10 3 10 4 Here, the measurements are almost symmetric for these two hemispheres. The right panel shows the comparison in latitude range b = 15 − 30 • . In this case, the measured C are slightly asymmetric, and the overall amplitude is slightly higher for the northern hemisphere. This may be due to the complex structure of disk contributing asymmetrically, or variation of structures due to disk halo interaction in the two hemispheres leading to asymmetric structures in density and magnetic fields. Figure 6 . Map of the brightness temperature rms of the DGSE at 150MHz from an improved all-sky Haslam map. The angular resolution of this map is 13.7 arcmin which is downgraded from the original 1.7 arcmin 408 MHz map (Remazeilles et al. 2015) . We use an average spectral index 2.695 from Platania et al. (2003) to scales at 150 MHz which is relevant for our study. The rms is calculated within a radius 3 • close to the field of view of GMRT at this frequency.
that we get a better visualization of the trends of the crosscorrelation in Figure 7 . We find that for almost all cases, the trend of variation for the TGSS and Haslam map as a function of galactic latitude is quite similar, these curves peak around the Galactic plane and then slowly falls off for higher galactic latitudes. We also noticed some additional peaks in the TGSS measurements (e.g. at (l , b) = (220 − 260, −60)), for which the exact reason currently unknown to us. To quantify the correlation between the Haslam map and the TGSS survey we computed the Pearson productmoment correlation coefficients, defined as, rij =
where Cij is the covariance of xi and xj and the element Cii is the variance of xi, here xi and xj corresponds to the rms of the Haslam map and δT b from TGSS. We present the variation of the correlation coefficient, r, for different Galactic longitude ranges in Figure 7 . We find r ≥ 0.5 for most of the longitude ranges (∼> 75%). The relatively higher Pearson product-moment correlation coefficient assures us that at this angular scale (θ ∼ 0.73 • ) of TGSS survey, we are quite sensitive to large scale diffuse emission of the Galactic synchrotron emission.
SUMMARY AND CONCLUSIONS
In this paper, we have estimated the all-sky angular power spectrum of the temperature fluctuations using 150 MHz TGSS survey. The angular resolution for this survey is 25 × 25 arcsec. The frequency and angular resolution of this survey are relevant for studying the Galactic synchrotron emission, which is one of the main foreground components for detecting the cosmological 21-cm signal from the EoR.
We present the angular power spectrum, C measurements of the TGSS survey both before and after subtracting the point sources from the data. We find that the measured C before point source subtraction is nearly flat, in the range 10 4 −10 5 mK 2 , across the measured angular multipoles. This is mainly due to the discrete radio sources which are distributed isotropically all over the sky. The amplitude of the C falls significantly after subtracting the point sources, and we observe that the amplitude is slightly higher at Galactic plane in the angular scale range 0.3 • to 0.8 • . We expect that the residual C is likely to be dominated by the Galactic synchrotron emission in these angular scales. However, in the Galactic plane, there will also be an additional contribution from the thermal emission from HII regions, nonthermal emission from supernova remnants and the diffuse synchrotron emission. On the other hand, the measured C at small angular scale (large ) will be dominated by the unsubtracted point sources in the residual data. We find the resultant all-sky map around a high angular multipole ( = 3459 or θ ∼ 0.052 • ) is almost isotropic and the derived brightness temperature varies in the range 50 − 100 K in different directions. Looking into the measured C =384 across different Galactic latitude range we noticed the C is mostly peaked around the median values for all latitude ranges except at the lower galactic latitude. At lower latitude, the distribution is slightly bi-modal, which can be due to the artefacts of the complex extended sources present in the Galactic plane. We find that the DGSE remains significant over a certain range of multipole on the residual data and the median values from different latitude ranges fall as we move beyond the Galactic plane. The median values of C due to DGSE saturates beyond b > 30 • and its amplitude becomes much weaker compared to that on the Galactic plane.
We investigated the north and south asymmetry using the residual data for different latitude range. We found that the median C as a function of is almost symmetric for both hemispheres except in the latitude range 15 − 30 • . This latitude range is the transition region from the disk dominated to high latitude diffuse halo dominated region. This may be due to the complex structure of disk contributing asymmetrically, or variation of the structure due to disk halo interaction in the two hemispheres leading to asymmetric structures in density and magnetic field. We also found the C measurement in the NPS is almost a factor of two higher compared to the southern region of the sky.
Cross correlating the Haslam and TGSS brightness temperature fluctuations, we detected a correlation coefficient of r > 0.5, which suggests at this angular scales (0.3 • to 0.8 • ) we are sensitive to large scale diffuse Galactic Synchrotron emission.
Finally, we plan to undertake a detailed all-sky study of the residual C as a function of the angular multipole. This will be a part of a separate upcoming paper. We expect the measured C to behave as a power-law at low angular multipoles ( ≤ 550) and we plan to find out the power-law index from the TGSS survey. This will also enable us to study the variation of the power-law index over different Galactic latitude ranges. This, in turn, can be used as a model for the DGSE for EoR studies, further to study the magnetic field fluctuations and the ratio of random to ordered magnetic fields in the Galactic plane.
We note recently Dolfi et al. (2019) and Tiwari et al. (2019) have used TGSS-ADR1 data sets to calculate the clustering properties of radio sources on very large angular scales (2 < < 30) and estimated the angular power spectrum from number count statistics. They found the amplitude of the TGSS angular power spectrum is significantly larger than that of the NVSS, which can not be explained by any physically motivated models. The authors indicated some unknown systematic errors are present in the TGSS-ADR1 dataset. Although we are not sensitive to such small angular multipoles using our visibility based estimators, our results also may be influenced by some systematic flux calibration errors (∼ 10%). There also maybe some other issues like, calibration errors, ionospheric distortion, de-convolution errors during imaging and the point source subtraction, which are significantly more important at lowfrequency radio observations. We plan to address these effects with the new release of TGSS-ADR2 data.
